Abstract: An integrated photonic sensor based on an optoelectronic oscillator with an onchip sensing probe that is capable of realizing highly sensitive and high-resolution optical sensing is presented. The key component is an integrated silicon-on-insulator based microring resonator which is used to implement a microwave photonic bandpass filter (MPBF) to effectively suppress the side modes of the optoelectronic oscillator (OEO) by more than 30 dB, thus generating a peak RF signal that maps the detected optical change into a resulting shift in the oscillating frequency. As an application example, the proposed optical sensor system is employed to detect small changes in temperature, and experimental results demonstrate a highly sensitive optical temperature sensor with an achieved sensitivity of 7.7 GHz/°C. Moreover, the proposed sensing system revealed a 0.02°C measurement resolution, which is a tenfold improvement to the modest resolution of 0.23°C of the conventional MPBF system without the OEO loop, rendering it highly suitable for diverse high-resolution sensing applications.
Introduction
The important advantages of optical sensors for monitoring the physical environment, which include immunity to electromagnetic interference, inertness in chemical and biological applications, compactness, light weight, and the ability to operate in harsh environments, have stimulated significant interest [1] . Well-known methods for optical sensing involve converting the sensor measurand into a shift in the optical sensing resonant wavelength device [2] - [4] . However this technique requires an optical interrogator such as an optical spectrum analyzer to convert the wavelength shift into an electrical signal, which raises issues of sensitivity and speed limitations. These problems can be overcome by adopting techniques based on microwave photonics [5] , [6] , in which the wavelength shift of the optical sensor is converted directly into the variation of a radio-frequency (RF) signal. In [7] , the wavelength shift of the optical sensing element is converted into amplitude variation of the modulated RF signal. More recently, improved operation has been obtained by using techniques that convert the measurand-dependent wavelength change of the sensing element into a frequency change of an RF signal [8] . This is based on using an optoelectronic oscillator (OEO) [9] , whose microwave oscillation frequency is determined by the resonant wavelength of the optical device that is employed for sensing. This method effectively translates the optical domain measurement into an electrical spectrum measurement, thus enabling a significantly higher frequency resolution that makes possible a very high measurement resolution. Moreover, a much higher interrogation speed is also enabled since the microwave frequency can readily be measured by a digital signal processor (DSP) with high speed and high resolution. Several OEO-based optical sensors have been reported [10] - [15] , which provide different ways to realize the key device in an OEO-based optical sensor i.e. the microwave photonic filter whose precise center frequency variations reflect the detected changes in the surrounding medium. These include fiber Bragg gratings and its variations which include phase-shifted fiber Bragg grating (PS-FBG) and polarization-maintaining PS-FBG [10] , [12] , fiber Mach-Zehnder interferometers [11] , as well as the resonance characteristics of the length of fiber in the loop itself [13] , [14] .
However, the large physical sizes of the bulk components that make up the OEO system becomes a considerable problem, particularly for sensor applications where compact and portable solutions for measuring environment variables are one of the essential features, and this limits the practicality of current sensor schemes. Integrated photonics technologies can solve this problem through their advantages of reduced size, weight, and power consumption, thereby making them attractive in comparison to bulky fiber-optic components for meeting the increasingly stringent requirements of sensor applications. Ring resonators have been widely investigated in various sensor schemes owing to their highly precise resonance locations which are extremely sensitive to environmental perturbations that influence changes in the properties of the rings [16] . Although fiber-based ring resonators for OEO applications have been reported [15] , to date, on-chip solutions based on integrated microring resonators for realization of OEO sensors have yet been demonstrated experimentally. This is important because microring resonators can realise extremely high sensitivity together with a high FSR. In conjunction with the sharp spectral purity of the oscillating mode obtained via the OEO configuration, miniscule changes in the sensing medium can be detected by tracking the enhanced visibility of the resonant shifts in the peak of the oscillating RF frequency at the output of OEO. In particular, microring resonators based on silicon-on-insulator (SOI) have shown to respond effectively to thermal variations due to the high thermal coefficient of the SOI waveguides [3] , [4] .
The object of this paper is to present an OEO-based optical sensor that is based on an integrated microwave photonic filter. This integrated photonic microring resonator is a key element which enables the realization of highly sensitive chip-scale sensors with enhanced measurement resolution. The proposed system simultaneously addresses the challenging aspects of current sensor approaches, by enabling significant sensitivity enhancement together with a size reduction by using an on-chip optical filter. In this work, we investigate the use of the proposed system in detecting the temperature variations of the sensing probe. Owing to the high thermal coefficient of the SOI based ring resonator which functions as an on-chip sensing probe, a small temperature change translates into a large RF frequency shift. Experimental results demonstrate that the system is able to attain a high sensing sensitivity of 7.7 GHz/°C, which is 3 orders of magnitude higher than the one presented in a recent work [11] . By incorporating the OEO loop into the system, a peak oscillation mode with a side mode suppression of more than 30 dB is shown, which provides very good spectral purity for realizing high resolution temperature sensing. The sensing system also demonstrates a 0.02°C temperature sensing resolution. Fig. 1 shows the working principle of the proposed OEO based optical sensor that employs an integrated microring resonator as the sensing probe element. The optical carrier is generated from a tunable laser source that is modulated by an RF signal via an optical phase modulator (PM), which results in modulation sidebands that are 180°out of phase. Under small signal modulation, the optical field at the output of the phase modulator can be written as
Principle of Operation
where E 0 is the optical field of the source, J n (.) is the nth-order Bessel function of the first kind, m is the phase modulation index, ω 0 is the angular frequency of the optical carrier, and ω RF is the angular frequency of the RF signal. If the phase modulated signal is left in its existing form, no RF signal will be present at the output of the photodetector due to the beating between the equal amplitude and out-of-phase sidebands with the carrier which results in a perfect cancellation of the RF signal. However, manipulating the amplitude of either one of the sidebands by introducing an optical notch filter to selectively break the antiphase symmetry between the sidebands at a particular frequency will result in an output RF signal at the said frequency while maintaining zero output at other frequencies. This, in essence, generates a microwave photonic bandpass filter (MPBF) whose center frequency corresponds to the location of the optical notch filter relative to the carrier. As an application, the target measurand was chosen to be temperature, where we employ an easily integrated optical notch filter as a sensor probe whose resonant wavelength is sensitive to temperature variations, thus resulting in a filtered RF signal with one-to-one dependence on temperature. This filtered RF signal is then fed back to the input of the phase modulator to form a closed-loop OEO configuration which enhances the mode selectivity. The novelty of this work lies in the use of an integrated microring resonator filter that can provide an optical transmission notch to implement an OEO-enhanced temperature sensor which is boosted by the selectivity of the MPBF and thus greatly improves the sensitivity of the temperature sensor. The compact and nanoscale nature of the optical notch filter makes it ideal to be used as a nanochip sensor probe element that can be easily integrated into any measuring device, and which also enables point sensing. The location of the minimum transmission, which coincides with the resonant wavelength of the filter, is determined by the size of the ring. Due to the thermo-optic effect, the refractive index of the SOI ring changes with temperature, and due to the thermal expansion effect, the circumference of the ring changes with temperature. The overall shift in wavelength is given by [4] 
where n eff and n g are the effective index and group index of the guided mode of the waveguide, respectively; λ is the resonance wavelength; T is the temperature change; α si is the thermal expansion coefficient; and ∂n e f f /∂T is the thermo-optic coefficient. A change in the ambient temperature will produce a proportional shift in the resonance location of the optical notch filter, thus changing the centre frequency of the MPBF. It is to be noted that the thermo-optic coefficient (1.86 × 10 −4 / • C) is two orders of magnitude larger than the thermo-optic expansion coefficient for silicon (3.57 × 10 −6 / • C). Assuming the oscillation frequency is approximately equal to the central frequency of the MPBF, the one-to-one mapping between the center frequencies of the optical and RF filters results in a temperature-induced frequency shift of the MPBF that can be expressed approximately as
where K = c/λ 2 is the coefficient converting the optical resonant wavelength change to a corresponding shift in the RF frequency, and considering only the dominant thermo-optic effect results in
where c is the speed of light in vacuum. From (3), it may be seen that a small temperature change can cause a drastic shift in the oscillation frequency due to the large coefficient term, K. By using a narrowband MPBF as part of the OEO setup, this limits the possible mode of the oscillation system which thus results in the attainment of a highly selective oscillation mode. Since the beating frequency between the filtered frequency and the optical carrier is fed back to drive the phase modulator, this will enable an enhanced selection of the mode of oscillation, thus generating a sharp RF signal analogous to an ultra-high quality (Q) factor filter that can be used to monitor small changes in temperature induced in the system. Given a typical group index value of 4.2 for the silicon waveguide, the sensitivity of the temperature sensor operating around 1550 nm can be estimated to be around 8.7 GHz/°C, further emphasizing the fact that miniscule drifts in temperature can induce a large and distinguishable shift in the RF frequency, thus enhancing the sensitivity of the temperature sensor.
Experimental Results
A proof-of-concept experiment was carried out based on the schematic diagram shown in Fig. 1 . The optical notch filter used as the nanochip sensor probe is shown in the inset of Fig. 2 which illustrates the SOI single microring resonator coupled to a bus waveguide. The cross section of the waveguide is designed to ensure single-mode propagation of the transverse-electric (TE) light at an optical wavelength of around 1550 nm, and a gap of 521 nm between the ring and the straight waveguide is used for evanescent coupling. The photonic chip was fabricated via ePIXfab using standard CMOS technology on SOI wafer with a 220 nm thick layer of silicon on top of a 2 μm thick buried oxide layer to isolate the optical mode and prevent loss to the substrate. A high resolution optical spectrum analyzer (OSA) with a resolution bandwidth of 150 MHz (Finisar Wave Analyzer) was used to measure the optical power response of the designed sensor probe. The purple solid line in Fig. 2 shows the transmission dip of the optical notch filter whose resonant wavelength is aligned at the lower sideband of a phase modulated signal. The attenuation effect of the optical notch filter on the amplitude of the lower sideband breaks the symmetry between the two sidebands, as shown in blue solid line in Fig. 2 , thus realizing the MPBF. The OEO setup consists of a tunable laser source with a feedback loop, where the resulting electrical signal from the output of the photodetector (u2t) is fed back to the input of the phase modulator. In order to satisfy the oscillation condition which requires that the loss of the OEO loop must be less than or equal to the gain, an RF amplifier is employed to boost the electrical signal in order to compensate for the loss incurred in the OEO loop. After amplification, the oscillating signal is then split into two paths by an RF splitter, where half of the signal is fed back to the input of the phase modulator while the other half is connected to an electrical spectrum analyzer (ESA, Agilent) to monitor the RF frequency shift. The chip was placed under a heat sink with temperature controllability provided by a thermoelectric cooler (Newport) to emulate the effects of disturbance in the ambient temperature. By changing the temperature of the microring resonator, the resonant wavelength of the optical filter shifts accordingly. Monitoring of the RF oscillation frequency shift therefore determines the amount of variation that occurs in the surrounding temperature.
We first investigated the frequency response of the open loop system before incorporating the OEO loop. This was simply done by replacing the feedback loop to the phase modulator with a sweeping RF source from a vector network analyzer (VNA, Agilent). Fig. 3(a) illustrates the frequency response of the MPBF, which exhibits a relatively poor extinction ratio of about 10.5 dB, observed via the VNA without closing the loop at various temperatures setting from 23.69°C to 25.25°C. The zoomed-in response of the -3 dB bandwidth of the filter depicted in Fig. 3(b) is around 1.75 GHz. We define the resolution of the temperature sensor as the minimum temperature change that can be detected by inducing a discernible shift in the MPBF response. This shift is determined by the minimum frequency separation that is needed to achieve a spectral overlap at or below the -3 dB points. Without closing the OEO loop, the minimum frequency separation as illustrated in Fig. 3(a) is around 1.8 GHz, which is dependent on the bandwidth of the MPBF. This corresponds to a temperature shift from 23.69°C to 23.92°C, which dictates the minimum resolution of this MPBF based temperature sensor to be around 0.23°C. The inset of Fig. 3(b) displays the variations in the -3 dB bandwidth of the MPBF at different sensing temperatures, showing a relatively constant bandwidth with very small fluctuations of just about ±0.05 GHz. The consistence in the bandwidth of the MPBF makes it ideal to be employed in the OEO loop as the selectivity of the filter which is independent of temperature will thus ensure an unvarying selection band of the oscillating mode.
Next, the OEO loop was closed and was incorporated into the sensing system. The frequency response of the generated electrical signal at around 24.78°C is shown in Fig. 4(a) , which depicts an almost pure electrical signal at 14.3 GHz. The inset of Fig. 4(a) shows the zoomed in response which illustrates a narrowband signal with a linewidth of just 0.1 MHz. The next most dominant mode is located at around 4.9 MHz away from the peak oscillation mode and shows a mode suppression of around 30.6 dB. To investigate the temperature sensing performance, we vary the temperature of the nanochip sensor from 24.27°C to 25.29°C. Fig. 4(b) shows the superimposed spectra of the generated microwave frequencies at different temperature points. As the temperature increases, the signal is shifted to a higher frequency where a linear relationship is formed between the temperature change and RF frequency shift as shown in the linear fit in Fig. 4(c) . The linear dependence of the frequency shift on temperature is estimated to be around 7.7 GHz/°C, which is in agreement with the preceding theoretical analysis for SOI ring resonators. The high sensitivity demonstrated is wellsuited for sensing applications that require precise monitoring of minute changes in temperature. Inevitably, this comes at the cost of limited detection range. To address this trade-off, it is possible to extend the measurement range by employing an array of sensor probes so that each monitors a segmental range of the temperature variations. To investigate the resolution of the temperature sensing system, Fig. 5(a) shows the shift of the MPBF response without the OEO loop as a temperature change of 0.02°C was introduced. Evidently, the sensing system based on the MPBF setup alone would not be able to clearly detect this temperature difference as the closely shifted peaks are almost overlapping with one another whereby the peaks are not distinguishable by more than 3 dB power difference. In contrast, Fig. 5(b) displays an OEO-enhanced MPBF based sensing system, which produces a noticeable temperature-induced shift in the peaks of the RF response of about 0.202 GHz. By using the linear fit relationship describing the temperature and RF frequency shift in Fig. 4(c) , this indicates a variation of 0.026°C in the ambient temperature, which coincides well with the temperature change from 23.99°C to 24.01°C, which thus demonstrates an increase in the resolution of the system by tenfold. It is to be noted that the measurements obtained are limited by the resolution of the temperature controller used which only provides up to 0.01°C of tuning resolution.
To evaluate the stability of the sensor, the system was allowed to operate in a room temperature environment and was continuously monitored for 50 min. It is demonstrated that the system exhibits excellent stability within the observed timeframe with a frequency offset of less than 100 kHz, which is negligible given that the sensitivity of the device is 7.7 GHz/°C.
As with many sensors, microring resonators exhibiting high sensitivity can also be highly responsive to other changes in the sensing environment. The sensing probe proposed is insensitive to changes in humidity because of the passive silicon oxide cladding layer [17] . However, to differentiate temperature variations from other physical quantities such as pressure, tension, and intrinsic temperature variations due to laser induced self-heating of the microring resonator, the structure of the proposed temperature sensor can be further extended to provide an appropriate calibration for these cross-sensitivity measurands. This can be done by having an additional microring resonator with negligibly small temperature dependence forming the reference resonator to calibrate for the external factors influencing the measurement results. The temperature independence of the reference resonator can be achieved by depositing a cladding layer with negative thermo-optic coefficient [18] , [19] . On the other hand, the effects of temperature drifts due to intrinsic heating can be mitigated by operating at low laser powers [17] .
The implementation of an OEO based system brings about another issue of mode hopping which arises due to the occurrence of multiple modes that may oscillate within the passband of the MPBF. It has been demonstrated that the selection of the oscillating mode can be enhanced by narrowing the bandwidth of the achieved MPBF, thereby reducing the probability of mode hopping. Though the function of the ring resonator to produce a notch response which breaks the antiphase symmetry between the two modulation sidebands is conceptually straightforward, it should be noted that the ring resonator also introduces an accompanying optical phase change between the sidebands, thus creating an unbalanced cancellation between the two sidebands which results in a filter passband that is broader than expected. Techniques to increase the selectivity of the MPBF have been demonstrated in [20] and can thus be incorporated in future work to impose a higher mode selection and alleviate the problem of mode hopping.
Alternatively, another approach to address this is to reduce the loop length of the OEO in order to increase the FSR and reduce the number of possible oscillation modes [9] , [21] , even at the expense of decreasing the spectral purity of the oscillating mode, since the Q is already extremely high. The enticing use of CMOS compatible integrated sensor probe, which allows the future prospect of hybrid integration with electronic chips, thus provides the first step towards realizing fully integrated and compact on-chip OEO-based sensors. The eventual length of the fully integrated OEO setup can thereby be reduced significantly, hence decreasing the number of oscillation modes within the passband of the MPF. It is envisioned that with the monolithic integration of photodetectors and modulators on a single silicon photonic chip [22] , in addition to the advancement in the packaging of hybrid chips [23] , these breakthroughs will drive the need to transfer optical sensing technologies onto optical chips, as demonstrated in this work.
Conclusion
We have successfully demonstrated an application of a chip-scale photonic sensing probe that can be integrated in an OEO system to achieve a highly sensitive integrated optical sensor with enhanced resolution. It is based on an integrated SOI single ring resonator which exhibits an optical notch response to implement a MPBF in an OEO system configuration. The MPBF is shown to be effective in suppressing the side modes of the OEO by more than 30 dB, thus leaving a peak RF signal at the oscillating frequency of the OEO, and because of the high thermal coefficient of the SOI based microring resonator which functions as an on-chip sensing probe, a small temperature change generates a large RF frequency shift in the OEO output which can be measured with very high resolution. Experimentally, the proof-of-concept temperature sensing system has demonstrated the ability to be extremely sensitive to small temperature variations with an achieved ultra-high sensitivity of 7.7 GHz/°C. Additionally, the proposed sensing system exhibited a 0.02°C measurement resolution which is a tenfold improvement over the modest resolution of 0.23°C that is attainable using a conventional MPBF system without the OEO loop.
